The mechanisms underlying visual perceptual stability are usually investigated using voluntary eye movements. In such studies, errors in perceptual stability during saccades and pursuit are commonly interpreted as mismatches between actual eye-position and eye-position signals in the brain. The generality of this interpretation could in principle be tested by investigating spatial localization during reflexive eye movements whose kinematics are very similar to those of voluntary eye movements. Accordingly, in this study, we determined mislocalization of flashed visual targets during optokinetic afternystagmus (OKAN). These eye movements are quite unique in that they occur in complete darkness, and are generated by subcortical control mechanisms. We found that during horizontal OKAN slow-phases subjects mislocalize targets away from the fovea in the horizontal direction. This corresponds to a perceived expansion of visual space and is unlike mislocalization found for any other voluntary or reflexive eye movement. Around the OKAN fast-phases, we found a bias in the direction of the fast-phase prior to its onset and opposite to the fast-phase direction thereafter. Such a biphasic modulation has also been reported in the temporal vicinity of saccades, and during optokinetic nystagmus (OKN). A direct comparison, however, showed that the modulation during OKAN was much larger and occurred earlier relative to fast-phase onset than during OKN.
Introduction
Space-constancy during eye movements is a major challenge for the visual system. Objects move across the retina with speeds up to several hundred degrees per second as a consequence of saccadic eye movements. Nevertheless we perceive the world as being stable. However Mislocalization is commonly interpreted as a temporary mismatch between the actual eye position and eye position signals in the brain (Dassonville et al., 1992; Honda, 1991) . Given this context it is of interest to determine how different eye movements, with very similar kinematics, affect localization. Recently, two studies investigated mislocalization of transient visual stimuli during Optokinetic Nystagmus (OKN) (Kaminiarz et al., 2007; Tozzi et al., 2007) . OKN is a reflexive eye movement evoked by large-field moving patterns. OKN consists of two alternating phases: a slow-phase in the direction of the stimulus motion and a fast-phase opposite to the stimulus motion. Stimuli presented during OKN slow-phase were found to be mislocalized in the direction of the eye movement. However, contrary to smooth pursuit, the size of the error did not depend on the position of the target relative to the fovea. The error pattern observed during the OKN fast-phase resembled the one described for voluntary saccades in darkness (perisaccadic shift). The biphasic mislocalization pattern during OKN, however, occurred earlier with respect to fast-phase onset.
In this study we continue our investigation of mislocalization during reflexive eye movements.
Most importantly, we wished to address the issue that during OKN a moving textured background is permanently visible. This background in itself might contribute to the observed localization errors. Hence, to show that perceptual errors occur in the complete absence of visual stimulation, we tested localization during optokinetic afternystagmus (OKAN). OKAN is an alternation of slow and fast phases observed in total darkness in subjects who previously performed prolonged OKN.
Methods

Subjects
Nine subjects participated in the experiments. Six were naive as to the purpose of the experiment.
All subjects had normal or corrected to normal visual acuity and gave informed written consent.
All procedures used in this study conformed to the Declaration of Helsinki.
Stimulus presentation and eye movement recordings
Experiments were carried out in a completely dark experimental room to avoid visual references which otherwise could (i) prevent OKAN and/or (ii) influence visual localization. Computer generated stimuli were projected onto a large tangent screen using a CRT projector (Marquee 8000, Electrohome Inc.) running at a spatial resolution of 1152×864 pixels and a frame rate of 100 Hz. The screen was viewed binocularly at a distance of 114 cm and subtended 70°×55° of visual angle. During the experiments the subjects' head was supported by a chin rest. Eye position was sampled at 500 Hz using an infrared eye tracker (Eye Link 2, SR Research). The system was calibrated prior to each session using a 9 (3×3) point calibration grid. During sessions drift correction was performed before each trial. Recording sessions lasted between 5 and 10 minutes, depending on experiment and subject. Eye movement and behavioral data were stored on hard disk for offline analysis.
Visual stimuli
To induce OKN/OKAN we presented a random dot pattern (RDP) consisting of black dots (size:
2.0°, luminance <0.1 cd/m 2 , number of visible dots: 250) moving left-or rightward on the screen.
All dots moved coherently and a new RDP was generated for each trial. The visual localization target (white circle, 0.5° (OKAN) or 1.0° (OKN) in diameter, luminance 22.5 cd/m 2 ) was flashed for 10ms at one of three positions (x = -8°, 0°, +8°) on the horizontal meridian. In all experiments different target positions were displayed with equal probability in pseudorandom order. To determine the perceived position of the target a horizontal ruler was displayed on a gray background (luminance 12.5cd/m 2 ) at the end of each trial (see also: (Kaminiarz et al., 2007) ).
The ruler's tick-mark positions were equally spaced, but random numbers were assigned to the tick-marks for each trial to prevent subjects from developing stereotypical response strategies due to the limited number of targets. Subjects reported the perceived position of the target by entering the number of the tick-mark closest to the target flash.
Baseline trials
In OKAN baseline trials, subjects freely viewed a white (luminance 22.5 cd/m 2 ) screen for 3000ms. Thereafter the screen turned black for another 3000ms. The target was flashed 2500ms
after the luminance change ( Figure 1b ). This background luminance change mimicked the change that occurred in the actual OKAN trials (see below). Here and in all other cases, the ruler was displayed 490ms after target presentation and the trial ended once the subject entered the perceived position on the keyboard. In OKN baseline trials, subjects freely viewed a homogeneous gray (luminance 12.5cd/m 2 ) screen for 4000 ms. The target was presented after 3500 ms (Figure 1d ). Each baseline session consisted of 30 trials.
OKN trials
In the OKN condition, the RDP moved across a gray background (luminance 12.5 cd/m 2 ) for 4000ms. The target was flashed after 3500ms ( Figure 1c) . The RDP velocity in the OKN condition was set individually for each subject such that the amplitudes of the fast-phases during OKN and OKAN matched as closely as possible. Thirty trials were recorded per session.
OKAN trials
In the OKAN condition the RDP moved on a white background (luminance 22.1cd/m 2 ) at a speed of 80°/s. After 15 seconds of stimulus motion the screen turned completely dark. After 2500ms to 4500ms (depending on subject and session) in darkness, the target was flashed. The ruler was displayed 490ms later ( Figure 1a) . A single session consisted of 15 trials.
Data analysis
Data was analyzed using Matlab 7. 
Results
Eye movements during OKN-and OKAN trials
During OKN trials (leftward pattern motion only) fast-phase frequency averaged across subjects To summarize, we achieved our goal to match the fast-phase amplitudes during OKN and OKAN; they were within one standard deviation from each other. We could not, however, simultaneously match the slow-phase velocities; they were slower during OKAN than during OKN.
Localization during OKAN slow-phase
The left column of Figure 2 shows the results of the first experiment in head-centered coordinates.
During free viewing in darkness (top left panel) perception was not veridical. Instead, we observed a heterogeneous pattern of misperceptions. Three subjects (1, 2, and 8) showed an outward bias (centrifugal shift), while two subjects (5 and 9) showed an inward bias (centripetal shift). The remaining subjects showed a tendency for an overall shift either to the left (subjects 4, 6, and 7) or to the right (subject 3). Across subjects (mean) we found no consistent bias in any direction.
During the slow phase of the OKAN (middle left panel) perception was biased towards larger eccentricities at the population level (mean). Yet, after correction for the baseline bias (bottom left panel), the remaining shift revealed no clear bias. Two (7, 8) subjects showed a significant (p<0.05) mislocalization opposite to the direction of the slow phase eye movement. Four subjects These results show that there is a large degree of intersubject variability. In order to confirm this finding, we repeated the experiment with rightward OKAN for seven of nine subjects ( Figure 3 ).
Again, we found no bias in any particular direction when data were averaged across all subjects.
Visual comparison of the baseline corrected findings for leftward and rightward OKAN, however,
showed that subjects were consistent in their mislocalization. For instance, subject 7 mislocalized against the direction of the slow-phase eye movement for leftward as well as rightward OKAN.
Similarly, subject 3 showed a clear centrifugal effect irrespective of whether the OKAN slowphase was leftward or rightward.
We will show below that much of the intersubject variability can be understood by analyzing the data in retinal coordinates. Before turning to that explanation, however, we first compare localization during OKAN with that during OKN.
Localization during OKN slow-phase
The kinematics of the eye movements during OKAN are quite similar to those during OKN, hence it is instructive to directly compare mislocalization during OKAN and OKN. Our previous OKN study used small field (monitor size: circular aperture with 25°diameter) rather than the large field visual stimulation (screen size: 70°×55°) of the current study. To exclude this factor as a possible cause for any differences, we repeated some of the OKN experiments in the large-field setup.
The results for localization during OKN are shown in the right column of 
Error as a Function of Retinal Eccentricity
We determined the effect of retinal eccentricity on localization error for OKAN and large-field 
Localization during OKAN/OKN fast-phase
To analyze the dynamics of the perceptual error in the temporal vicinity of the fast phases we computed the perceived stimulus position as a function of time between flash onset and the initiation of the temporally closest fast-phase. To increase our data-yield per time-window, we merged data from all subjects and flash-positions and calculated a moving average across these data-points. The solid lines in Figure 6 show the results for OKAN (top panel) and OKN (bottom For both eye movements the observed bias depended on the time-interval between stimulus presentation and the onset of the fast-phase.
During OKAN flashes were mislocalized in the direction of the fast phase starting 150 ms before fast-phase onset with a peak error 51ms prior to fast-phase onset. Starting at about 20ms before fast-phase onset stimuli were slightly mislocalized in the opposite direction. This mislocalization returned back to its steady state level 100ms after fast-phase onset at the latest.
During OKN we observed a mislocalization in the direction of the fast phase before its onset and mislocalization in the opposite direction about 50ms after fast-phase onset. This fast-phase effect was superimposed on the general shift in direction of the slow-phase eye movement. Contrary to the OKAN, however, the error in direction of the fast-phase peaked 37ms before fast-phase onset.
Error patterns during both OKAN and OKN fast-phases were independent of target position i.e.
we did not observe any evidence for a compression of space around the fast phase (data not shown). As can be inferred from the eye position traces the average amplitude of the saccade closest (in time) to the flash was nearly identical for both types of eye movements (OKAN: 3.7°
(SD 2.7); OKN: 3.5 (SD 2.2)). Statistical analysis comparing mean fast-phase amplitudes across subjects revealed no significant difference (p=.69 Mann-Whitney Rank Sum Test). Surprisingly, however, the amplitude of the biphasic modulation in perceived position induced by the fastphase was considerably larger during OKAN (3.8°) than during OKN (2.15°).
Discussion
We demonstrated systematic mislocalization of briefly flashed visual targets during optokinetic afternystagmus (OKAN). The observed error pattern varied widely across subjects when expressed in head-centred coordinates, but was highly consistent when expressed in retinal coordinates. In the latter reference frame our data can be summarized as a horizontal expansion of visual space during slow-phase horizontal OKAN. Localization in the temporal vicinity of the fast-phases of the OKAN was modulated. A mislocalization in the direction of the fast-phase was observed prior to fast-phase onset. This perceptual effect was followed by a weak transitory shift into the opposite direction. The perceptual error returned to its steady state level about 100ms
after fast-phase onset.
In this discussion we first compare our OKAN findings to those previously reported on other fast and slow eye movements. Second, we discuss the role of visual references in localization. Third, we discuss the claim that a combination of an erroneous eye position signals and veridical retinal signals could underlie these phenomena.
Mislocalization around slow eye movements
OKN, OKAN, and smooth pursuit share similar phases of slow eye movements. Mislocalization during these eye-movements, however, is quite different. During smooth pursuit and OKN slowphase, but not OKAN slow-phase, stimuli are mislocalized in the direction of the eye movement. There are two clear differences that may in principle account for the disparate localization errors.
First, the visual scene is quite different during OKN, smooth pursuit, and OKAN and these visual factors may contribute to mislocalization in various ways (see below for further discussion).
Second, the eye-movement control networks involved in OKN, OKAN, and pursuit are distinct, and therefore they may interact in different ways with the visual system. To be specific smooth pursuit and OKN are accompanied by neural activity within identical cortical areas or networks (Ilg and Hoffmann, 1996) . This raises the possibility that the involvement or absence of cortical as well as specific subcortical processing may contribute to the observed perceptual differences during slow eye movements.
Mislocalization around fast eye movements
A temporally biphasic mislocalization has been found during voluntary saccades (Honda, In the temporal domain, the biphasic mislocalization differs considerably across eye-movements.
For visually guided saccades, the peak error generally occurs at saccade onset (Honda, 1991) , while during OKN it occurs about 40ms before fast-phase onset and even earlier during OKAN.
Localization and visual references in the absence of OKAN/OKN
As remarked upon above, differences in visual input could be an important factor affecting mislocalization. This has been suggested before (Lappe et al., 2000) and our current data provide further evidence in favour of this view. Not only do we find very different patterns of mislocalization during OKAN (no visual references) and OKN (with some visual references), our free-viewing baseline trials support a similar view. We tested the same subjects during free gaze in light and in darkness and found a systematic centripetal (inward) bias in light but a centrifugal (outward) bias in complete darkness. This may also explain why previous studies reported disparate results concerning localization of targets during fixation. Some reported an overall centripetal bias (Kaminiarz et al., 2007; Müsseler et al., 1999; Mateeff and Gourevich, 1983 ) while others reported a centrifugal bias (Honda, 1989; Königs et al., 2007) . Our data suggest that the details of the visual references are critical in those experiments and may explain some of the observed discrepancies.
The neural basis of visual mislocalization
It has been argued that localization errors during smooth eye movements could be due to a 
